This study compares the temporal resolution of frequency-modulated sinusoids by normalhearing and hearing-impaired subjects in a discrimination task. One signal increased linearly by 200 Hz in 50 msec. The other was identical except that its trajectory followed a series of discrete steps. Center frequencies were 500, 1000, 2000, and 4000 Hz. As the number of steps was increased, the duration of the individual steps decreased, and the subjects' discrimination performance monotonically decreased to chance. It was hypothesized that the listeners could not temporally resolve the trajectory of the step signals at short step durations. At equal sensation levels, and at equal sound pressure levels, temporal resolution was significantly reduced for the impaired subjects. The difference between groups was smaller in the equal sound pressure level condition. Performance was much poorer at 4000 Hz than at the other test frequencies in all conditions because of poorer frequency discrimination at that frequency.
indicate that gap-detection thresholds are independent of frequency between 500 and 4000 Hz.
Gap-detection tasks, as well as forward-masking and temporal modulation transfer studies, involve the resolution of amplitude changes in experimental stimuli. The literature on temporal resolution is dominated by such studies. There are a few exceptions to this generalization. For example, Jesteadt, Bilger, Green, and Patterson (1976) compared the temporal resolution of the normal and impaired ears of listeners with unilateral hearing losses using Huffman sequences as stimuli (Huffman, 1962) . The results indicated that temporal acuity was better for the ear showing the poorer hearing in 8 out of the 10 subjects tested. Studies of the detection of frequency modulation (FM) in sinusoids have implications for temporal acuity (Kay, 1982 , presents a review of this research). However, direct investigations of temporal resolution using FM stimuli are relatively rare, despite the ubiquity of FM in naturally occurring sounds such as speech. Studies of temporal acuity in hearing-impaired listeners using FM stimuli are nearly nonexistent. Feth, Neill, and Krishnamurthy (1989) recently investigated normal temporal resolution with a new discrimination task in which FM stimuli were used. Subjects were asked to discriminate between two sinusoidal signals. One signal, the glide, made a transition from a lower frequency to a higher frequency over a smooth, linear path. The other signal, called the step signal, began and ended at the same frequencies as the glide, but its trajectory followed a series of discrete steps. That is, the signal remained at one frequency for a brief time before abruptly jumping to the next frequency. Normal-hearing listeners were able to distinguish step from glide signals easily when the number of steps was small, but as the number of steps increased, discrimination performance monotonically decreased to chance. It was assumed that at this point the limits of the listener's ability to resolve the discontinuous trajectory of the step signal had been reached, and it was indistinguishable from the glide signal. From the performance of the subject on this task it was possible, therefore, to make inferences about the listener's temporal resolution capacity.
Results obtained by Feth et al. (1989) indicated a temporal resolution threshold of about 6 to 10 msec for normal-hearing listeners at center frequencies from 250 to 2000 Hz, a range that is comparable to estimates of temporal resolution found in gap-detection studies (e.g., Fitzgibbons & Wightman, 1982; Glasberg, Moore & Bacon, 1987) . However, resolution at 4000 Hz was much poorer, in the 15-20-msec range. Frequency transitions ranged from 100 to 400 Hz, and signal durations from 25 to 100 msec were used.
The major purpose of the present study was to compare temporal resolution in listeners with moderate hearing losses of presumed sensorineural origin with that of normal-hearing listeners, using FM signals. A second goal was to investigate the effect of frequency on the resolution of FM signals.
Method

Subjects
Five hearing-impaired and 5 normal-hearing listeners participated in the study. The normal-hearing subjects ranged in age from 20 to 22 years and had pure-tone air-conduction thresholds of less than 15 dB HL (ANSI, 1969) between 500 and 4000 Hz.
The ages and hearing thresholds of the test ears of the hearing-impaired subjects are given in Table 1 . All suffered from bilateral sensorineural hearing losses. Hearing thresholds in the nontest ear were no more than 10 dB lower than the test ear thresholds at the respective test frequencies. Bone-conduction testing indicated air-bone gaps of 5 dB or less in all subjects. All hearing losses were long-standing, and there were no indications of retrocochlear involvement in any of the subjects. The hearing losses of H1 and H2 were apparently congenital. H4 reported that her loss was associated with a high fever suffered early in childhood. H3 and H5 indicated that the onset of their hearing losses occurred in adulthood.
Stimuli
Glide and step signals. The glide and step signals were generated and stored in digital form on a Zenith Z159 microcomputer. A 16-bit digital-to-analog converter (Quikki) operating at a 20-kHz sampling rate converted the stored signals to analog waveforms. The resulting signals were low-pass filtered at 8000 Hz. The glide signals were sinusoidal sweep tones with center frequencies of 500, 1000, 2000, and 4000 Hz. The frequency transition was 200 Hz over 50 ms, producing a 4-Hz/ms rate of frequency change. Rise/fall time was 5 msec, resulting in an overall signal duration of 60 msec. Signal onsets and offsets were shaped by a cosinesquared function. The signal duration was chosen to approximate the duration of formant transitions in the speech signal. The step signals traversed the same frequency range as the glide signals, but did so in discrete steps. The number of steps varied between two and nine. Schematic representations of the glide and step signals are shown in Figure 1 .
Spectral analysis. Abrupt frequency jumps such as those in the step signal generate off-frequency spectral energy, which is a potential discrimination cue. To minimize this potential confounding variable, the step signals were generated with rounded "corners." Spectral analysis indicated that the long-term spectra of the step signals were essentially identical to that of the glide signal. Figure 2 shows a comparison of the long-term electrical spectra of a four-step signal and a glide signal. The acoustical spectra of the signals were essentially identical to their electrical spectra.
Procedures
Signal levels. The hearing-impaired subjects were tested hnth n ani l I (the nlit nndritinn ;anni t n oniml qSP and equal SL (the masked condition).
Data collection. Subjects were tested in a single-walled sound-attenuating chamber. Stimuli were presented monaurally via Sennheiser HD414SL headphones. A two-cue, two-alternative forced-choice procedure (2-Q, 2AFC) was used to determine step/glide discrimination performance. In each trial a stimulus was presented in each of four listening intervals. The interstimulus interval was 400 msec. The subject was asked to pick the odd stimulus, which was always the step signal and was always presented, randomly, in interval two or three. Feedback indicating the interval containing the step signal was provided.
The stimuli were presented in blocks of 50 trials, and a percent-correct score was calculated for each block. Each subject was tested over at least three sets of three blocks for each different step signal (nine blocks altogether, or 450 three-step signal, etc. If the subject showed no improvement in percent correct over the last two sets of blocks, data Time (msec) collection was ended for that signal. The percent-correct Schematic representation of the step and glide score for that step duration (step duration being a function of stories . The solid line represents the step signal; the the number of steps in the signal) was obtained by calculatrepresents the glide signal.
ing the mean of the percent-correct scores from each of the last six blocks. In the few cases where improvement contina sensation level (SL) of 35 dB. The normalued, additional sets of three blocks were run until no further )jects were tested in two conditions. In the first improvement was found. Percent correct was calculated as he quiet condition, the signals were presented in described above for the last six blocks. Thus, each data point dB SL. Feth et al. (1989) found that discrimination in the individual results is based on 300 discrimination trials. e in normal-hearing subjects is asymptotic at
The data points were used to construct psychometric funcis low as 30 dB SL. In the second condition, the tions for each of the test frequencies in each of the experindition, the stimuli were presented at sound mental conditions. vels (SPLs) that approximated the average levels All of the subjects readily learned the procedure except for e impaired ears and were as follows: 500 Hz: 75 the oldest subject, H3, who had difficulty with the rate of z: 80 dB; 2000 Hz: 82 dB; and 4000 Hz: 83 dB. stimulus presentation. However, when stimulus presentation determined using a flat-plate coupler. Broadband was slowed to one half its normal rate, the subject quickly ise was low-pass filtered at 8000 Hz and cormmastered the task. All subjects were well practiced in the task he signal to achieve a signal SL of approximately when data collection was begun. us, in the two conditions the normal-hearing 9re compared to the hearing-impaired subjects at
Frequency in kHz
Results
The psychometric functions in Figure 3 display the mean discrimination results at center frequencies from 500 to 4000 Hz for all conditions. Percent-correct discrimination is plotted as a function of step duration of the step signal. The open symbols indicate data obtained from the normal-hearing and the hearing-impaired subjects in the quiet condition. The filled symbols represent data obtained from the normalhearing subjects in the masked condition. The temporal resolution threshold (TRT) was defined as 75% correct discrimination. The mean TRT for each condition at the various test frequencies is given in Table 2 . The threshold values are the points on the x-axis at which the psychometric functions intercept the 75% correct level, estimated to the nearest 0.5 ms. Step Duration (ms) ble at 4000 Hz because the maximum mean discrimination scores were below the 75% criterion for both groups. It is clear that the differences between the two groups are substantial, even in the masked comparison. It is also evident from Table 2 that temporal resolution is poorer at every frequency in the masked condition than it is in the quiet condition for the normal-hearing subjects. Several analysis of variance tests were performed to support the conclusions reached through visual inspection of the data. The difference in TRTs between the normal and impaired listeners, with group as a between-subjects factor, was significant when the normal-hearing subjects were compared to the impaired subjects in both the quiet [ Figure 3 and are estimated to the nearest 0.5 msec. A mean discrimination score of 75% correct was not achieved or approximated at the longest step duration in the normal masked and impaired conditions at 4000 Hz. *Maximum mean discrimination was actually 73%.
hearing subjects in the masked and the quiet conditions, with masking treated as a within-subjects factor, indicated that the effect of condition was significant [F(1,4) = 37.24, p < .004].
Table 2 also indicates that there is a dramatic increase in TRT at 4000 Hz in all three conditions. Even at the longest step duration (25 msec), only 3 of the normal subjects were able to achieve the 75% correct discrimination criterion at 4000 Hz in the quiet condition. None of the normal subjects reached the criterion value at 4000 Hz in the masked condition. The impaired subjects also failed to achieve 75% correct discrimination at 4000 Hz. In the case of the normalhearing listeners, TRTs increased very slightly between 500 and 2000 Hz in the quiet and masked conditions. However, there is a considerably greater increase in threshold between 500 and 2000 Hz for the impaired subjects.
One-way analysis of variance tests with frequency as a within-subjects variable were performed on the data from 500, 1000, and 2000 Hz. The 4000-Hz data were not included because too few of the subjects reached the discrimination criterion at that frequency. The results indicated that the effect of frequency was not significant over this frequency range in the case of the normal-hearing subjects in quiet or in noise. However, the effect of frequency over the 500-2000-Hz range was significant in the case of the impaired subjects [F(2,8) = 4.95, p < .04]. This effect can be accounted for in terms of hearing sensitivity. In Figure 4 , TRT is plotted as a function of hearing threshold level for the hearing-impaired subjects. A strong positive relation between TRT and hearing threshold is evident, and this is confirmed by correlational analysis (r = 0.68, p < .01). And, in general, the hearing thresholds of the hearing-impaired subjects increase with frequency. Therefore, it appears that the apparent increase in TRT with frequency is in fact an increase in TRT as hearing threshold increases. In summary, the effect of frequency on TRT appears limited to 4000 Hz. There is no statistically significant effect of frequency between 500 and 2000 Hz in the case of the normal-hearing subjects. The increase in TRT between 500 and 2000 Hz observed in the hearing-impaired subjects appears to be a function of increasing hearing threshold in the higher frequencies. In marked contrast to the results in the lower frequencies, discrimination performance in all conditions was so poor at 4000 Hz that the mean discrimination scores failed to reach the criterion value even at the 25-msec step size.
Overall, the individual results follow the trends described above for the averaged data, with one exception. Normal subject N5's TRTs are poorer than those of any of the other normal-hearing subjects at nearly all test frequencies in both the quiet and masked conditions. For example, N5's TRTs in the quiet condition are as follows: 500 Hz: 9.5 msec; 1000 Hz: 13.0 msec; 2000 Hz: 16.5 msec. N5's results were consistent, and the subject performed well in other aspects of the experiment, such as the hearing threshold measurements, indicating that lack of concentration or motivation is not a likely explanation for these results. In Feth et al.'s (1989) results from normal subjects, no listener's thresholds departed this far from the mean. The data from N5 suggest that some individuals with normal hearing sensitivity may have abnormally large temporal resolution thresholds.
Discussion
The Effect of Frequency
In the case of the normal listeners in quiet, there is no significant variation in mean temporal resolution threshold between 500 and 2000 Hz, but at 4000 Hz the TRT increases to greater than 25 msec. This pattern is not seen in studies using other measures of temporal acuity. Formby and Forrest (1991) , for example, found that gap detection thresholds measured with sinusoidal markers are independent of frequency from 500 to 4000 Hz. One possible explanation for the increase in TRT at 4000 Hz is that the auditory system tracks the frequency changes in the step signal using information from phase-locked neural discharges. If this were true, then temporal resolution would be expected to deteriorate as phase-locking declines. It is well known that in monkeys and cats, neural phase-locking is robust below 1 kHz, declines gradually at higher frequencies, and is absent above 4000 to 5000 Hz (Rose, Brugge & Hind, 1967) . The frequency effect observed in the normal subjects fits this pattern. One might infer that the mechanism that takes over signal-tracking (perhaps rate-place coding) has a longer time constant than the phase-locking mechanism.
There is another less speculative explanation, however. The step signal is, in effect, a sequence of level tones separated by almost instantaneous frequency transitions. As the step duration decreases, the extent of the frequency transition between the steps decreases as well. It can be argued, therefore, that the subject's frequency discrimination ability is the limiting factor in the task, rather than the subject's temporal acuity. Feth et al. (1989) 1992 role of frequency discrimination in the step-glide discrimination task with normal-hearing subjects. They varied the extent of frequency transition, using signals with transitions of 200 and 400 Hz while holding the length of the signal constant at 50 msec. If frequency discrimination is the limiting factor in the discrimination task, then the subjects' performance should improve for the 400-Hz transition signals, in which the between-step jumps are twice those of the 200-Hz transition signals. At center frequencies of 500, 1000, and 2000 Hz, there was no significant improvement in mean temporal resolution threshold when the transition size was increased. The TRTs of the 200-Hz signals were within 0.5 ms of the TRTs of the 400-Hz signals. These data support the contention that frequency discrimination does not play a limiting role for signals with frequency transitions of 200 Hz at center frequencies of 2000 Hz and below.
However, Feth et al. found that at a center frequency of 4000 Hz, the TRT obtained for the 200-Hz transition signal was about 7 msec greater than the TRT for the 400-Hz transition signal. These data strongly suggest that frequency discrimination has a considerable effect on performance at 4000 Hz, where the frequency DL is relatively large (Moore, 1973; Wier, Jesteadt, & Green, 1977) . Thus, the poor stepglide discrimination observed at 4000 Hz in the present study probably reflects the effect of frequency discrimination rather than temporal resolution. In the Feth et al. study, a step signal without rounded corners was used, and TRTs were smaller, particularly at 4000 Hz. Nevertheless, the TRTs obtained at the lower frequencies are very similar to those of the present study, and the two studies are highly similar with respect to the overall pattern of their results.
The Effect of Frequency Discrimination in the Hearing-Impaired Subjects
In the normal-hearing listeners, frequency discrimination appears to affect step-glide discrimination only at 4000 Hz. However, it may be argued that the poorer temporal resolution of the hearing-impaired subjects in comparison with the normal-hearing listeners also is due to poorer frequency discrimination. To investigate this possibility, difference limens for frequency (DLFs) were obtained for 3 of the normal-hearing and 3 of the hearing-impaired subjects, and the correlation between DLFs and TRTs for these subjects was obtained. A strong relationship between these two variables would indicate that frequency discrimination is a major determining factor in the poorer performance of the hearing-impaired subjects.
To measure DLFs, 50-msec sinusoids (5 msec rise/fall time) were presented at 35 dB SL in the same 2-Q, 2AFC task that was used for the step/glide discrimination task. An adaptive procedure was used that estimated the 70.7% correct point on the psychometric function (Levitt, 1971) . Table 3 displays the DLFs of the subjects tested. Correlational analysis indicated that there is no relation between the DLFs and TRTs of these subjects (r = .017). It therefore seems unlikely that frequency discrimination played a major role in limiting the performance of the hearing-impaired subjects.
------ The frequency discrimination results are similar to those obtained in other studies. Hall and Wood (1984) , also using 50-msec signals, obtained the following results: at 500 Hz, normal-hearing subjects: 1.2-4.2 Hz; impaired subjects, 4.1-21.0 Hz. At 2000 Hz, normal-hearing subjects: 1.9-9.6 Hz; impaired subjects: 4.3-25.7 Hz. The somewhat higher values in the present results are probably due to differences in presentation level (Hall & Wood used 90 dB SPL) and practice time. Hall and Wood's subjects were given 4 hours of practice, whereas these subjects received less than 2 hours. The intent here was not to obtain optimal results, but to obtain comparable results. The fact that the hearingimpaired subject results are very similar to the results from the normal-hearing subjects is somewhat surprising but not unprecedented. Tyler, Wood, and Fernandes (1983) , commenting on their discrimination results, remark that many subjects with hearing thresholds greater than 60 to 70 dB SPL display normal frequency discrimination.
The Effect of Stimulus Level
The performance of the normal-hearing subjects is poorer in the masked condition than in the quiet condition. This result prompts one to ask whether the degradation of performance in the masked condition is due to the presence of masking noise or to the higher level at which the stimuli are presented in the masked condition. Preliminary step-glide discrimination data, obtained in 3 of the normal-hearing subjects by presenting the stimuli at the higher SPLs without the addition of masking noise, suggest that level is the controlling variable. The discrimination performance of all 3 subjects was found to decrease as stimulus level was increased. This decline in performance with increasing level is unusual in psychoacoustic phenomena. In general, performance increases in auditory discrimination tasks until at least 80 dB SPL. This is the case, for example, for gap detection (Plomp, 1964) and frequency discrimination (Wier et al., 1977) .
The question that now arises is whether the effect of absolute level is the same for both the impaired and the normal subjects. That is, to what extent can the poorer temporal resolution of the impaired subjects be accounted for by their higher listening level? Obviously, a difference in stimulus level cannot account entirely for the difference between the two groups. In the masked condition, the normal subjects are compared to the hearing-impaired group at approximately equal SPLs, and the performance of the impaired subjects is poorer. Two of the hearing-impaired subjects, H2 and H4, were tested at a range of levels. These subjects' discrimination performance begins to decline at about 20 to 25 dB SL as stimulus level is decreased, and at about 35 dB SL as stimulus level is increased. That is, optimal temporal resolution was obtained at 25 to 35 dB SL in the hearing-impaired subjects tested. (This indicates that an optimal listening level was at least approximated for the impaired listeners in the study.) One interpretation of these data is that stimulus audibility imposes the lower cut-off point for optimal performance and that the higher cut-off point is determined by an intensity-discrimination function that is similar to that of the normal ear. A problem with this explanation is the fact that signals at sensation levels less than 25 dB ought to be quite audible to the hearing-impaired subjects because of the rapid growth of loudness at higher levels typically found in individuals with hearing impairment of sensorineural origin (Sanders, 1979) . Fitzgibbons (1984) argues that a stimulus of 20 dB SL should be more than sufficiently loud to elicit optimal gap detection results in hearing-impaired ears, despite the decrease in performance below 30 dB SL in normal-hearing ears. In any event, it appears that the dynamic range of the hearingimpaired subjects is severely limited for the experimental task in this study. Further research is needed to establish the exact nature of this limitation.
Conclusions
The major findings of the study, as observed in normalhearing subjects and subjects with mild-to-moderate sensorineural hearing losses, are as follows::
1. When normal-hearing and hearing-impaired subjects were compared at equal sensation levels, mean temporal resolution thresholds were significantly greater in the hearing-impaired subjects. There was a strong positive correlation between temporal resolution threshold and hearing threshold for the hearing-impaired listeners.
2. When the normal-hearing and hearing-impaired subjects were compared at equal sensation levels and equal sound pressure levels, the mean temporal resolution threshold of the hearing-impaired subjects was also significantly greater than that of the normal-hearing subjects, but the difference was smaller than it was in the equal sensation level condition.
3. Temporal resolution thresholds were essentially independent of frequency at 500, 1000, and 2000 Hz.
Step/glide discrimination was much poorer at 4000 Hz than at the other test frequencies, apparently because of poorer frequency discrimination at that frequency.
